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ABSTRACT

An analytical/computational technique previously developed for determining

the geometrically and constitutively nonlinear response of a submerged,

infinite cylindrical shell to a transverse, transient acoustic wave is used

to study the damage behavior of the shell. Incident waves of rectangular

pressure-profile are considered, nonlinear transient response computations

are performed, and damage results are described in terms of iso-damage

curves based on extensional set strain. Results generated through the use

of the doubly asymptotic approximation for treatment of the fluid-structure

interaction differ appreciably from their exact counterparts.
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Section 1

INTRODUCTION

An analytical/computational technique has recently been developed for deter-

mining the geometrically and constitutively nonlinear response of an infinite

cylindrical shell to a transverse, transient acoustic wave [1]. The technique

involves the use of the structural analyzer DYNAPLAS [2] to treat shell re-

sponse, and the use of the residual potential formulation [3] to treat the

fluid-structure interaction; it has been implemented in the form of a coupled

software assembly named RPF-DYNA.

In this study, RPF-DYNA has been used to investigate the damage behavior of

a particular shell for incident plane waves of rectangular pressure-profile.

The shell exhibits elastic/perfectly plastic material behavior and is charac-

terized by hydrostatic elastic-critical-buckling and elastic-limit pressures

that are virtually equal. Because the deformational response of the shell

is dominated by extensional motion, damage results are described in terms of

iso-damage curves [4] based on extensional set strain.

Iso-damage curves are also constructed for the shell that pertain to the use

of the doubly asymptotic approximation (DAA) [5,6] for treatment of the fluid-

structure interaction. This approximation, which is the basis for fluid-

structure interaction analysis in a number of existing codes [7-12], is

asymptotically exact for both low- and high-frequency fluid motions, effect-

ing a smooth transition in the intermediate frequency range. Its computational

advantage is that it may be expressed as a matrix ordinary differential equa-

tion without requiring discretization of the infinite volume of fluid sur-

rounding the structure.



Section 2

RESPONSE CALCULATIONS

Consider the two-dimensional, plane-strain motions of the submerged, infinite,

circular cylindrical shell of Figure 1. The shell is excited by a transient

acoustic wave that first contacts the shell at e = T. During the resulting

fluid-structure interaction, shell behavior may involve both geometric and

constitutive nonlinearity.

2.1 NONDIMENSIONAL RESPONSE EQUATIONS

Following an expansion of the pertinent response variables in circumferential

Fourier series, nondimensional response equations for each Fourier harmonic

may be derived as [l]

(L h I~)~1 l
(->-)& o +i* + fo( ,  +LJo I so Ro

P ) h. + " + fwn(v.w) = *In + uln - sn + ORn

+ ( Soo + So)(nvn + Wn) + Wown, n > 1 (1)

(O)(h)V + f (v,w)+n).n>I
p a n vn,) Io + So)(vn + nWn), n >l

4Sn + 4Sn = uln - n + Rn

'Rn = -rn * Sn

where vn and wn are circumferential and radial shell-displacement harmonics,

respectively, fo f vn and fwn are stiffness-force harmonics computed within

DYNAPLAS that involve linear-elastic, geometrically nonlinear and constitutively non-

linear behavior, 4In and uiN are fluid-velocity-potential and radial-fluid-particle-
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velocity harmonics for the incident-wave field at the shell's wet surface,

respectively, $Sn and 9Rn are wet-surface scattered-wave-velocity-potential and

residual-velocity-potential harmonics,respectively, rn is a known time-

dependent characteristic function [3], and where n is the Fourier index, a

dot denotes temporal differentiation and the asterisk denotes temporal con-

volution. All of the quantities and operations in (1) are nondimensional,

normalized in accordance with the convention

W w/a, tn.d. ct/a, On.d. = 4/ac, fn.d. = f/pc2  (2)

wn.d. n~d.

For n=O, (1) contains three equations for the three unknowns wo, So and

Ro' while for e.'ch n > 1, (1) contains four equations for the four unknowns

V , wn Sn and Rn" Here, as in [l], the first three of (1) are solved

with the half-step central-difference algorithm, the fourth of (1) is solved

with a fourth-order Runge-Kutta scheme, and the last of (1) is solved by

trapezoidal integration. This procedure possesses satisfactory accuracy,

stability and efficiency characteristics.

2.2 DAMAGE BEHAVIOR

The damage behavior of a particular cylindrical shell with elastic/perfectly

plastic material behavior is studied by calculating numerous transient re-

sponse histories for incident plane waves of rectangular pressure-profile.

The shell chosen is the single-layer "compromise shell" of [1], whose inertial,

elastic, hydrostatic-elastic-stability, and extensional elastic-limit charac-

teristics match those of a steel sandwich shell, which exhibits in plane-

strain fashion the enhanced flexural stiffness properties of stiffened shells.

As discussed in [1], the use of the compromise shell is necessitated by the

limitation of DYNAPLAS analysis capability to single-layer shells. Table 1

shows the basis of equivalence for the two shells; the only discrepancies

pertain to inelastic flexural characteristics, which, as seen below, are of

minor significance. Note that the yeld-stress value ay is such that the shells'

hydrostatic elastic-limit pressure Po (whose non-dimensional value is identical

to the elastic-limit membrane stress-resultant Ny) exceeds their static-elastic-

stability pressure Po by 2.4%.
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The response variable chosen for damage assessment is circumferential exten-

sional (or membrane) set strain, for two reasons. First,as discussed in [1],
the inelastic response of this shell is dominated by extensional motion. Second.
extensional shell response almost always reaches its late-time asymptotic

limit within five shell-envelopment periods following the passage of the in-
cident wave over the shell; this is in contrast to flexural shell response,
which exhibits low-frequency oscillatory behavior for extremely long times.
Hence a systematic treatment of flexural set strain requires that each tran-
sient response calculation be followed by a dynamic-relaxation calculation in-

volving the introduction of artificial damping to damp out the oscillations.
In view of the first reason, the results thus obtained are probably not worth
the effort.

Representative inner-fiber and outer-fiber strain response histories are

shown in Figure 2. In this case, the magnitude of the incident rectangular

wave is five times the static-elastic-stability pressure (P1 I P c and the

duration of the wave is equal to the shell-envelopment period (T I = 2). For
these input parameters, extensional set strain is largest in magnitude at

0=0. From Figure 2, le set, = 4.8%, while leseti I 0.1511; hence peakext max flex ra x
flexural strain is only 3% of peak extensional strain in this case.

Highly unrepresentative inner-fiber and outer-fiber strain response histories

are shown in Figure 3. In this case, for which P I = 1.8 P c and T I = 10, ex-

tensional set strain is largest in magnitude at 0 = 700. From the figure,

lest, =ma 6.0%, while lex se a1x2 2.5%; hence peak flexural strain is about

40% of peak extensional strain in this case.

A more comprehensive picture of the inelastic response results obtained in

this study is provided in Table 2. This table sunmmarizes the results obtained

in 18 of the more than 50 RPF-OYNA transient response calculations performed.

Six quantities are shown for each response calculation, as indicated in the

format statement.

Table 2 shows that the set-strain field in the shell is dominated by the n=0

harmonic, with the n = 1 and n = 2 extensional harmonics making modest
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contributions and the higher extensional harmonics contributing very little.

Flexural set strain is significant only in a few cases. Maximum extensional

set strain usually occurs on the side of the shell that faces away from the

incoming wave.

2.3 ISO-DAMAGE CURVES
,set,

Calculated values of leextm are shown as circled dots in Figure 4, plotted

as functions of magnitude (P I and duration (TI) of the incident rectangular

wave. (Recall that Pc isthe elastic-critical-buckling pressure for this shell,

which is nearly equal to its hydrostatic elastic-limit pressure). The T =

const. curves that connect the dots permit the accurate estimation of six

combinations of PI and TI that yield a prescribed value of leet, The

selection of five such values then leads to the iso-damage curves of Figure 5.

Figure 5 shows curves of constant lEsetI plotted in terms of the pressureext inm chrctrz
magnitude and total impulse that completely characterize an incident rectangu-

lar wave. Although the curves exhibit the general characteristics of iso-

damage curves. i.e., transition from vertical asymptotes for short pulses to

horizontal asymptotes for long pulses, they do not possess the simple hyber-

bolic shapes produced by simple mechanical systems [4].

In Figure 5, each iso-damage curve appears to consist of two damage branches,

one for pulses with TI Z 3 and another for pulses with TI > 3. The distinctly

positive slopes characterizing the high-strain TI <3 branches for TI 3 1.5

produce an unexpected characteristic, viz., that a decrease in pressure magni-

tude, PI. for fixed impulse, P1 TI, may produce an increase in peak extensionalset tran lset l

set strain, le This is undoubtedly associated with a resonance condi-

tion where the sheT xis especially susceptible to pulses with durations com-

parable to the shell-envelopment period.

2.4 DOUBLY ASYMPTOTIC APPROXIMATION

As discussed earlier, the doubly asymptotic approximation (DAA) has been exten-

sively used in problems of this type for treatment of the fluid-structure
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interaction. Utilization of the DAA in the present problem merely involves

taking $Rn = 0 and replacing the coefficients A in (1) by n. As mentioned in

[l], the DAA reduces to the plane wave approximation (PWA) for n = 0 in this

case.

Extensive DAA-DYNA calculations have been performed for the compromise shell
of Table I The results of these calculations exhibit dominance of the n = 0
harmonic, as previously seen in the RPF-DYNA results; however, n = 1 strain re-

sponse emerges in the DAA-DYNA calculations as almost as significant as n = 0

strain response. Contributions to total strain by the higher harmonics, whether

extensional or flexural, are generally small in the DAA-DYNA calculations.

Values of setl obtained from the DAA-DYNA calculations are shown as circled
ext max

dots in Figure 6, plotted in the manner of Figure 4. In contrast to their
RPF-DYNA counterparts, these results indicate that peak extensional set strain

usually occurs on the side of the shell that faces toward the incoming wave.

The same procedure that produced the iso-damage curves of Figure 5 from the

TI = const. curves of Figure 4 has been used to produce the iso-damage curves of

Figure 7 from the TI =const. curves of Figure 6. Even a cursory comparison of
Figures 5 and 7 reveals marked differences between the RPF-DYNA and DAA-DYNA

curves. First, and most important, the DAA-DYNA curves for higher-strain values

lie well to the right of and above their RPF-DYNA counterparts, which means that

use of the DAA may lead to serious underpredictions of damage levels. Second,
and less important, the DAA-DYNA curves do not exhibit the resonance behavior

observed in the RPF-DYNA curves.

Figs. 5 and 7 demonstrate the general inadequacy of the DAA for treatment of
the fluid-structure interaction in the present problem. As mentioned in [1],

the reason for this inadequacy is that the DAA reduces to the PWA for n = 0

response, which severely attenuates the rather low-frequency axisymmetric

motion characterizing the inelastic response.

To gain insight into possible improvement of the situation just described, re-

sponse calculations for Pl = 4 Pc, TI = 4 were performed using the cylindrical

wave approximation (CWA) [13]. Utilization of this approximation in the present
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problem merely involves taking JRN = O in (1). Displacement response histories
for n = 0 and n = 1 extensional motion produced by RPF-DYNA, DAA-DYNA and

CWA-DYNA are shown in Figure 8. It is seen that the RPF-DYNA histories are

bounded by their DAA-DYNA and CWA-DYNA counterparts; unfortunately, the bounds

are unacceptably large. Similar histories for n = 1 and n = 2 flexural motion

are shown in Figure 9. Here, the RPF-DYNA histories are bounded by their

DAA-DYNA and CWA-DYNA counterparts over most of the time span shown; these

bounds too are unacceptably large.
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Section 3

CONCLUSION

The extensive calculations performed in this study have provided a rather com-

prehensive picture of the damage behavior of a submerged, infinite cylindrical

shell excited by transverse acoustic waves of rectangular pressure profile. This

behavior is summarized in the iso-damage curves of Figure 5.

The calculations have also confirmed the failure of the doubly asymptotic ap-

proximation as a satisfactory treatment of the fluid-structure interaction for

the inelastically excited, infinite cylindrical shell. Such failure was first

indicated by a sigle response calculation reported in [1]. A similar calculation

based on the cylindrical wave approximation has produced. in this study, slightly

better, but still unsatisfactory, results.

The reason for the failure of the doubly-asymptotic approximation is simply

that, for the axisymmetric response of the infinite cylindrical shell, it reduces

to the plane wave approximation, which is only singly asymptotic. Such reduction

does not occur. however, for finite three-dimensional bodies; in fact, the OAA

is exact for the n =0 response of a spherical body.

On the assumption (which has yet to be verified) that the DAA is satisfactory

for determination of the inelastic response of a submerged spherical shell to

transient acoustic waves. the following question arises: How large may the

aspect (length/diameter) ratio become before the DAA fails as a satisfactory

treatment of the fluid-structure interaction for inelastic shell-response

problems? Seeking the answer to this question is a fitting subject of

future work.

8



Section 4

REFERENCES

1. T. L. Geers and C.-L. Yen, "Inelastic Response of an Infinite Cylindrical
Shell to a Transient Acoustic Wave", LMSC-D676214, Lockheed Palo Alto
Research Laboratory, Palo Alto, CA, March 1979.

2. W. E. Haisler, J. A. Stricklin and W. A. Von Riesemann, "DYNAPLAS--A
Finite Element Program for the Dynamic, Large Deflection, Elastic-Plastic
Analysis of Stiffened Shells of Revolution", Rpt. No. TEES-RPT 72-27,
Texas A&M University, College Station, TX, December 1972.

3. T. L. Geers, "Excitation of an Elastic Cylindrical Shell by a Transient
Acoustic Wave". J. Appl. Mech., 36, 458-469, September 1969.

4. G. R. Abrahamson and H. E. Lindberg, "Peak Load-Impulse Characterization
of Critical Pulse Loads in Structural Dynamics", pp 31-53 of Dynamic
Response of Structures. G. Herrmann and N. Perrone, eds., Pergamon Press,
New York. N.Y., 1972.

5. T. L. Geers, "Residual Potential and Approximate Methods for Three-
Dimensional Fluid-Structure Interaction Problems", J. Acoust. Soc. Am.,
49, 1505-1510, May 1971.

6. T. L. Geers, "Doubly Asymptotic Approximations for Transient Motions of
Submerged Structures", J. Acoust. Soc. Am., 64, 1500-1508, November 1978.

7. G. C. Everstine, "A NASTRAN Implementation of the Doubly Asymptotic Approxi-
mation for Underwater Shock Response", NASTRAN: Users Experiences, NASA
TM X-3428, 207-228, October 1976.

8. D. Ranlet. F. L. DiMaggio, H. H. Bleich and M. L. Baron. "Elastic Response
of Submerged Shells with Internally Attached Structures to Shock Loading",
Composites and Structures, 7, 355-364, June 1977.

9. J. A. DeRuntz, T. L. Geers, and C. A. Felippa, "The Underwater Shock
Analysis (USA) Code, A Reference Manual", DNA Report 4524F. Defense
Nuclear Agency, Washington, D.C., February 1978.

10. J. A. DeRuntz and F. A. Brogan, Underwater Shock Analysis of Nonlinear
Structures, A Reference Manual for the USA-STAGS Code", LMSC-D624355,
Lockheed Palo Alto Research Laboratory, Palo Alto. CA, February 1978.

9



11. J. E. Roderick, R. F. Jones, and M. G. Costello, "TRAINS - A Finite

Element Computer Program for the Transient, Large Deflection Analysis

of Inelastic Structures", Report M-17, David W. Taylor Naval Ship R&D

Center, Bethesda, MD, February 1978.

12. R. Atkatsch, M. P. Bieniek and M. L. Baron, "Dynamic Elasto-Plastic

Response of Shells in an Acoustic Medium - Theoretical Development for

the EPSA Code", Tech. Rpt. No. 24, Weidlinger Assoc., Consulting Engineers,

New York, NY, July 1978.

13. J. H. Haywood, "Response of an Elastic Cylindrical Shell to a Pressure

Pulse", Quart. J. Mech. and Appl. Math. 11, Pt. 2, 129-141, 1958.

10



Table 1. SINGLE-LAYER COMPROMISE AND SANDWICH SHELLS

Single-Layer Shell Sandwich Shell

T -T fit[1111 i"i
h H Middle Layer Contributes

-No Mass or Stiffness

. 0.1 0.01, - 0.06266a a a

0 C a °  c a
- 0.772, 3.53, y 0.02188 -s- 7.72, -R - 3.53, - 0. 2188pc 2 p c "

Pc Pc

Inertial and Elastic Properties

D 0h 2 2
o pCoh oh PoCh

":t" --- - 0. 0772,"t -= - = 0.9620 "pt" _.-0.0772, "Et" - 0. 9620oa 2 aa 2 "pc a pc a

2 Pc 2  3
' oo 1 h' -4 00 100 h.-

"V8"017x0- El 2- -. 2 02 -8017x10 4
2c oc

Static-Elastic-Stability and Extensional Elastic-Limit Characteristics

P0  co2 h3 P c 02 h 33
(- )(__2) C-) - 2.405c°-3 P 25 ) - (") 2.405xo_

C p c) a PC (7 c a

.=(-6x10 -3 h 2.462x10-  **
a y a 2PC 3C

Inelastic Flexural Characteristics

M a 4. 103x1O 5  Yield Moment M y 6.5494I0- 5
Y y

Ky = 0.05118 Yield Curvature Ky - 0.08170

M = 6. 155x0 5  Ultimate Moment M - 7.099xi0
U 

u

* **
See Figure 1 for parameter 11 von Mises yield condition
definitions with v - 0.3



Table 2. RPF-DYNA RUNS: SET STRAIN SUMMARY

Format

Maximum Extensional Set Strain Magnitude, et max P/

Circumferential Location Where Maximum Occurs

Percentage Contribution of n-O Set Strain to jesetl

S n St max set
Percentage Contribution of n-1 Extensional Set Strain to leexta
Percentage Contribution of n-2 Extensional Set Strain to jese ma

Approximate Ratio of set to letIax

TI ", Pl 12 TI  j, I " 20 Pl, PI 28

1.823% 5.659% 11.39%
120 o  0 . 0 o

78% 66% 61%
11% 9% 19%
12% 16% 15%

0.06 0.02 0.00

1,A1 A A

TI -,P 3.6 TI - 1, 12 T 1 1, P 18

1.089% 6.159% 12.40%
0o  0o  700
41% 78% 87%
16% 10% 5%
20% 9% 7%

0.15 0.01 0.27

A 2, 1 3 T1 2. A 5 A~2PoTI 1 2, Pl " I  T I , P I T 1 2. P, 9

1.861% 4.801% 12.09%
0o  0. 0o

55% 63% 80%
24% 14% 18%
12% 13% 0%

0.06 0.03 0.06

T 1 4, P 1 1.8 T 1  4, PI - 3.6 TI  4, P 1  4.2

1.388% 8.305% 11.09%
600 00 0o

69% 64% 66%
7% 23% 23%
8% 10% 9%

0.07 0.02 0.01
A A

T 1  6, P 1 1.7 T 1  6, P 1  2.2 T 1  6. P 1  3

1.890% 4.730% 11.09%
600 50o  0o

89% 73% 66%
0% 20% 27%
5% 2% 7%

0.04 0.08 0.00

TI 0 10, P1 " 1.2 T = 10, P 1 1.8 T1 1 10, I 2.2

1.182% 5.972% 12.41%
1800 700 400
83% 89% 78%
11% 3% 20%
5% 8% 2%

0.10 0.42 0.41
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